INTRODUCTION
The neocortex constitutes a large part of the mammalian brain and controls key sensory, motor, and cognitive functions via exquisite neuronal networks. Neocortex functioning relies on the formation of six interconnected layers of neurons that are generated sequentially over a long time period. Thus, early born neurons differentiate in a structure that undergoes massive developmental growth, but how they adapt to this expanding environment remains largely unknown.
Cajal-Retzius (CR) cells are among the earliest-born neurons of the neocortex and constitute a unique system for addressing this issue (Hevner et al., 2003; Gil et al., 2014; Kirischuk et al., 2014) . CR cells are excitatory neurons that transiently populate the embryonic and early postnatal marginal zone (MZ) (Hevner et al., 2003) , which becomes layer 1 of the mature neocortex. Layer 1 comprises dendritic arbors of pyramidal neurons, specific subsets of interneurons, and long-range axonal projections, and is proposed to be a site of input integration for neocortical networks (Llinas et al., 2002; Rubio-Garrido et al., 2009; Roth et al., 2016; Chen and Kriegstein 2015; Harris and Shepherd, 2015; Ibrahim et al., 2016) . Throughout corticogenesis, CR cells show a relatively uniform distribution in the MZ and have been involved in the wiring and arealization of underlying cortical circuits via the production of the glycoprotein Reelin as well as other secreted or surface-bound factors (Ogawa et al., 1995; D'Arcangelo et al., 1995; Frotscher, 1998 Frotscher, , 2010 Frotscher et al., 2001 Frotscher et al., , 2009 Supè r et al., 1998 Supè r et al., , 2000 Soriano and Del Río, 2005; Tissir et al., 2002; Griveau et al., 2010; Choe et al., 2012; Stranahan et al., 2013; Gil et al., 2014; Kirischuk et al., 2014; Martínez-Cerdeñ o and Noctor, 2014; Barber et al., 2015; Barber and Pierani, 2016) . In particular, CR cells have been shown to control the radial migration and polarity of pyramidal neurons (Shinozaki et al., 2002; Nichols and Olson, 2010; GilSanz et al., 2013) and have been proposed to regulate the progression of interneurons through the MZ (Caronia-Brown and Grove, 2011) .
The early distribution of CR cells is achieved by tangential migration from focal sources located in the cortical hem, septum, thalamic eminence, and pallial-subpallial boundary, which surround the cortical primordium (Meyer et al., 2002; Takiguchi-Hayashi et al., 2004; Bielle et al., 2005; Yoshida et al., 2006; García-Moreno et al., 2007; Tissir et al., 2009; Gu et al., 2009; Imayoshi et al., 2008) . CR cell migration is restricted to the MZ by signals produced in the meninges (Borrell and Marín, 2006; Paredes et al., 2006; Trousse et al., 2015) and promoted by repulsive activity in the hem (Bribiá n et al., 2014) . Their relatively even distribution is established by a combination of random walk migration and contact repulsion between CR cells (Villar-Cerviñ o et al., 2013; Barber et al., 2015) . Such processes ensure that by embryonic day (E) 12.5 in mice, CR cells form a layer of cells covering the entire cortical sheet, which is preserved throughout development in spite of a massive expansion of the neocortex.
Here, we have investigated how the density of CR cells in the MZ is regulated during embryonic growth, as well as its impact on neocortical construction. Using in vivo fate-mapping analysis, time-lapse imaging, and ex vivo cultures, we show that the density of CR cells is not maintained by the generation of new CR neurons, but by active migration from a reservoir of differentiated olfactory CR cells, which, at earlier stages, are essential to organize a main axonal tract in this non-neocortical region (Sato et al., 1998; Hirata et al., 2012) . This surprising finding reveals that differentiated neurons can undergo a second wave of migration, thereby increasing the pool of CR cells in the neocortex. To test the role of this reallocation in MZ formation, we generated mouse models in which CR cells were genetically depleted, reduced, or increased. We show that variations in the density of CR cells dramatically alter the cell composition and connectivity of postnatal layer 1. Overall, our study reveals a novel migratory process originating in the olfactory cortex, which is essential to sustain the density of CR cells and proper development of neocortical circuits during growth.
RESULTS
Increased Density of Neocortical CR Cells at Midneurogenesis Since the neocortex expands dramatically during late embryogenesis, one might expect a converse progressive decrease in the density of early born CR cells. To examine CR cell density, we compared whole-mount Reelin in situ hybridization from E13.5 onward, when CR cells have migrated from their progenitor domains. Importantly, Reelin-positive (+) cells in the MZ only comprise CR cells at embryonic stages (Alcá ntara et al., 1998) . To our surprise, we observed that the density of Reelin+ CR cells in the parietal neocortex (presumptive somatosensory) doubled between E14.5 and E15.5 ( Figures  1A-1F ). Such an increase was not unique to the parietal neocortex since we observed it also in adjacent neocortical areas, the piriform, and entorhinal cortices (data not shown). We confirmed this increase in CR cell density using the DeltaNp73
Cre transgenic line crossed with the generic tdTomato-reporter line ( Figures 1G-1I ), which allows the labeling of more than 80% of CR cells, originating from the hem, septum, and thalamic eminence (Tissir et al., 2009; Madisen et al., 2010 Figure S1 , available online). The increase in cell density could be due to a previously undetected late generation of CR cells, to a late differentiation of early born CR cells, or to an addition of extrinsic CR cells via redistribution. Using EdU birthdating, we confirmed that over 80% of DeltaNp73
Cre/+ ; R26 tom cells were born between E10.0 and E11.0 (n = 4 mice/1,879 cells) ( Figure S1 ), as previously reported (Hevner et al., 2003) . Furthermore, quantification of these cells by flow cytometry in whole cerebral hemispheres showed that the total number of tdTomato+ cells remained constant between E13.5 and E15.5 (n = 5 for each condition) ( Figures 1J and 1K ). These data demonstrate that the observed increase in CR cell density in the neocortex is not due to de novo appearance or late differentiation of tdTomato+ cells. Taken together, our results imply that the neocortical density of CR cells is tightly regulated by a reallocation of early born cells at mid-neurogenesis, raising the question of their source.
Putative CR Cell Reservoir: Guidepost Cells of the Lateral Olfactory Tract
We first tested whether additional CR cells derive from the cortical hem, one of the main identified sources (TakiguchiHayashi et al., 2004; Yoshida et al., 2006; García-Moreno et al., 2007; Gu et al., 2009) . By examining the hem lineage in Wnt3a iCre/+ ;R26 tom embryos (Yoshida et al., 2006) , we found that the majority of CR cells added to the MZ at mid-neurogenesis were not hem derived ( Figures S1I-S1L ). This result confirmed previous studies showing that hem CR cells mostly populate medial cortical regions (Zhao et al., 2006; Gu et al., 2011; Roy et al., 2014) and indicated that the CR cells added must have an alternative origin. In E13.5 DeltaNp73
Cre ; R26 tom mice, we observed a potential reservoir of tdTomato+ cells ventrally, around the lateral olfactory tract (LOT), which relays sensory information from the olfactory bulb to secondary cerebral targets ( Figure 2A ). Early born glutamatergic CR neurons, called lot cells, which act as guidepost cells for LOT axons, accumulate in this region (Sato et al., 1998; Tomioka et al., 2000; Huilgol et al., 2013; Ruiz-Reig et al., 2016) . Lot cells were previously identified by the transient expression of the metabotropic glutamate receptor 1b (mGluR1b/lot1), which is gradually lost after E14.5 (Sato et al., 1998; Tomioka et al., 2000; Hirata et al., 2012) . These guidepost cells have long processes, show spontaneous neuronal activity, respond to electrical stimulation of the olfactory bulb (Sato et al., 1998; Hirata et al., 2012) , and express Reelin and other CR cell markers (Dixit et al., 2014) . To determine if the tdTomato+ cells around the LOT were lot cells, we examined their morphological, molecular, and electrophysiological properties (Figures 2 and S2 ). We found that tdTomato+ cells form a dense network of elongated cells ( Figures 2B and 2C ) that express Reelin and lot1/mGluR1b (Figures 2D-2G ; n = 501 cells in 4 mice). Moreover, calcium imaging demonstrated that tdTomato+ neurons show synchronous spontaneous calcium spikes that are synchronized with adjacent tdTomatoÀ olfactory neurons, and respond to stimulation of the LOT in a tetrodotoxin (TTX)-sensitive manner (Figures 2H, 2J, and S2D) . Conversely, we found that tdTomato+ CR cells located around the LOT exhibited electrophysiological properties similar to neocortical CR cells ( Figure S2 ; Albrieux et al., 2004) . Our results thus indicate that CR tdTomato+ cells around the LOT are bona fide lot guidepost cells, which are part of an early prototypic olfactory network.
To explore whether these already differentiated neurons might form a reservoir of CR cells for the neocortex, we examined their distribution between E13.5 and E15.5. We found that, paralleling the increase of CR cell density in the neocortex, there was a 60% reduction in the number of tdTomato+ CR/ lot cells ( Figures 2K-2M ), suggesting a possible role of reservoir. neurons retracted their long processes, rounded up, formed small filopodial extensions, and initiated an amoeboidlike migration ( Figure 3B ; Movie S1) that continued dorsally away from the reservoir (Figures 3C and 3D; Movie S2). Rounded tdTomato+ cells were also observed in vivo and inside and dorsal to the reservoir ( Figure 3G ), and expressed all specific markers of CR cells (Figures S3A and S3B; data not shown) and none of the markers of microglia or blood cells ( Figures  S3D-S3F ). Consistent with a CR identity, more than 90% of tdTomato+ cells in this area were born early, between E10.0 and E11.0, and expressed Reelin ( Figure S3C ; Hevner et al., 2003) . Finally, low-magnification imaging showed that migration of tdTomato+ CR cells from the reservoir was frequent and directional with an average speed similar to that previously described for CR cells and interneurons (Figures 3D-3F ; Movie S3). Taken together, our imaging and in vivo data reveal that subsets of lot cells, after acting as axonal guideposts, undergo a remarkable morphological transition and migrate into the neocortex.
Migration of Lot Cells
To decipher whether this migration contributes to the increase in CR cell density found in the parietal neocortex, we developed a short-term ex vivo culture assay. By performing whole-hemisphere 24 hr cultures, we could reproduce the increase observed in vivo between E14.5 and E15.5 without modifying the cellular and molecular properties of tdTomato+ cells ( Figures  3H-3K and S3G-S3I; data not shown). Using this assay, we tested the impact of low doses of Y-27632, a Rho-associated kinase inhibitor, or ML-7, an inhibitor of Myosin light chain kinase, which were both shown to perturb cell migration (Saitoh et al., 1987; Ishizaki et al., 2000) . Exposure to both drugs drastically limited the increase in cell density in the parietal neocortex after 24 hr of culture, indicating that it requires active cell migration ( Figures 3L-3O ). In addition, we blocked migration from the reservoir with a horizontal cut separating the LOT from the parietal neocortex, and, as a control manipulation, we made a vertical cut in the contralateral hemisphere of the same brain in frontal regions ( Figures 3P-3S ). The horizontal cut specifically limited the increase in CR cell density in the parietal cortex, thereby indicating that migration from a ventral source is required. Taken together, our results reveal that several days after the generation of CR/lot cells, and following their role in axonal guidance, a secondary migration of these cells drastically increases the pool of CR cells in the neocortex.
Late Redistribution of CR Cells Is Regulated by NMDA Receptor Activity
To identify determinants that could trigger or modulate this redistribution, we took advantage of the short-term ex vivo assay to screen for factors that would (1) reduce the number of tdTomato+ cells migrating into the neocortex and (2) concomitantly increase the number of cells remaining in the olfactory cortex. We found that blocking neuronal activity with TTX had such an effect ( Figures 4A-4D and S4) . To determine what kind of activity might be specifically involved, we tested antagonists of mGlu, GABA-A, and NMDA receptors, which have all been shown to be expressed in embryonic CR cells (Sava et al., 2010; Ló pez-Bendito et al., 2002; Kirischuk et al., 2014) . We found that specific block of NMDA receptors reproduced the effects of TTX, whereas mGluRs and GABA-A receptor blockers had no effect (Figures 4A-4H and S4; data not shown). These findings indicate that the redistribution of CR cells from the reservoir to the neocortex is modulated by the activity of NMDA receptors ex vivo.
To further test the roles of NMDA receptors in vivo, we took advantage of a conditional allele that deletes the gene encoding for the necessary GluN1 subunit upon Cre-mediated recombination (Niewoehner et al., 2007) . By crossing this conditional GluN1 fl allele with DeltaNp73 Cre mice, we could generate mutant embryos that lack functional NMDA receptors in CR cells. We found that the cell-specific inactivation of GluN1 had no detectable impact on the early distribution of CR cells at E13.5 ( Figures 4I-4Q ). However, it induced a reduction of approximatively 30% in the density of CR cells at E15.5 and E18.5 ( Figures 4I-4Q) , similar to what was observed ex vivo after pharmacological blockade ( Figures  4E-4H) . Collectively, our work shows that NMDA receptor activity regulates the redistribution and late density of CR cells in the neocortex ex vivo and in vivo, indicating that the process we identified is modulated by glutamatergic excitatory transmission.
A Proper Density of CR Cells Is Required for Layer 1 Morphogenesis
The fact that CR cell density is tightly regulated during developmental growth raises the question of its role. Because CR cells populate the MZ, we conjectured that layer 1 cytoarchitecture might be particularly sensitive to variations in CR cell density. Searching for mouse models that would affect the density of CR cells, we first focused on Ebf3 mutants ( Figure S5 ). Ebf3 encodes a transcription factor previously involved in neuronal differentiation and CR cell migration (Garel et al., 1997; Dubois and Vincent 2001; Liberg et al., 2002; Yamazaki et al., 2004; Chiara et al., 2012) . We found that Ebf3 is specifically expressed in p73+ CR cells in the cerebral cortex and at high levels in the lot reservoir ( Figure S5 ). Ebf3 inactivation (Jin et al., 2014) did not perturb CR cell specification or early migration ( Figure S5 ). How- ever, Ebf3 deletion disrupted the late redistribution of CR cells, leading to a 30% increase in cell density in parietal neocortex at E14.5 and E15.5 and a reverse decrease in the adjacent piriform cortex ( Figure S5 ). Ex vivo experiments confirmed that this imbalance was associated with a defect in the migration from the reservoir (Figure S5 ), revealing a novel function for Ebf3 in the redistribution of CR/lot cells. Importantly, the 30% increase in CR cell density was maintained at E18.5 ( Figure S5 ), thereby providing a unique model to assess the impact of a defective reallocation of CR cells in the neocortex.
Conversely, we generated mouse models likely to present a reduced density of CR cells. We performed a mild genetic ablation of CR cells by crossing DeltaNp73
Cre with R26 stop-dt-a mice, which conditionally express the diphtheria toxin subunit A (dt-a) (Brockschnieder et al., 2006) . Due to partial Cre-lox recombination, we obtained a 35% reduction in the number of CR cells in parietal neocortex at E15.5 (data not shown). To reduce CR cell numbers drastically, we crossed Emx1
Cre with Wnt3a dt-a mice (Gorski et al., 2002; Yoshida et al., 2006) . In both dt-a models, Reelin+ cells in the MZ of the parietal neocortex were similarly decreased at E18.5 ( Figures 5A-5C and 5H). These three models therefore allowed us to examine, at E18.5, the consequences of an increase or decrease in CR cell density ( Figure 5 ). As expected from previous studies (Yoshida et al., 2006; Tissir et al., 2009 ), we did not observe major defects in the order of neocortical layers in the three models that were examined (data not shown). However, variations in CR cell density perturbed several features of layer 1 morphogenesis ( Figure 5 ). First, a reduction in CR cell numbers led to an increase in cells intruding into the normally cell-body-poor layer 1, whereas an increase in CR cell numbers led to a broader cell-free zone (Figures 5A 0 -5D 0 ). Some of the cells intruding into layer 1 were displaced by Cux1+ upper layer pyramidal neurons (Figures 5E-5G) . We 
and E) Experimental paradigm to test tdTomato+ CR cell migration in ex vivo cultures using TTX (A) or glutamate receptor blockers (E).
(B-D) CR cell density increases in the parietal cortex after 24 hr of culture (B) (n = 9 from three independent experiments), whereas the addition of TTX hampers this increase (C), as quantified in (D) (n TTX = 11 from three independent experiments). (F-H) Addition of the mGluR antagonist CPCCOEt had no effect (F), whereas the addition of the NMDA receptor antagonists APV/MK801 hampers the increase in CR cell density in the parietal cortex (G), as quantified in (H) (n CPCCOEt = 6 from three independent experiments, n APV/MK801 = 7 from two independent experiments).
(I and J) Lateral view of control (I) and conditional DNp73
Cre/+ ;GluN1 fl/fl mutant (J) E13.5 telencephalic hemisphere shows the similar distribution of Reelin-expressing CR cells.
(K-P) Density of CR cells assessed in whole vesicles at E13.5 showed a similar density in controls and conditional mutants (K and L), whereas the density was reduced at E15.5 in mutants compared to controls (M and N). Such difference was still observed at E18.5 on coronal sections of the parietal neocortex processed for Reelin immunostaining (O and P).
(Q) Quantifications of the defects observed. At least three brains were analyzed for each genotype, age, and condition. Par, parietal cortex. Scale bars, 50 (B, C, F, and G), 500 (I and J), and 100 mm (K-P).
(legend on next page) additionally examined Prox1+ cortical interneurons, which originate in the caudal ganglionic eminence and migrate late in the MZ to colonize the neocortex (Rubin and Kessaris, 2013; Marín, 2012 5U ). These findings show that the density of CR cells affects the cellular composition of layer 1 via modulating the positioning of both upper layer pyramidal neurons and migrating interneurons.
Because layer 1 constitutes a main site of integration of axonal inputs onto the apical dendrites of pyramidal neurons, we examined axon terminals using L1CAM immunostaining and dendritic morphology with carbocyanide dye labeling of layer 5 neurons ( Figures 5M-5T ). We found that reducing the density of CR cells led to a progressive reduction of L1CAM immunostaining, whereas a higher CR density increased it ( Figures 5M-5P ). In the presence of reduced CR cell density, dye-labeled apical dendrites were disorganized and flattened and did not form tufts in layer 1. In comparison, denser tufts appeared in layer 1 of mice with an excess of CR cells (Figures 5Q-5T ). Our data thus show that the neocortical density of CR cells, which is controlled by the reallocation of olfactory CR cells, plays a major role in shaping both the cellular and axonal architecture of layer 1.
Long-Lasting Impact of CR Cell Density Reduction on Upper Layer Circuits
To further decipher the long-term impact of CR cell density defects, we examined the postnatal emergence of circuits in the somatosensory barrel cortex (Figures 6, S6, 7, and S7 (Figure 6 ). We first examined pups at postnatal day 7 (P7), when CR cells have started to undergo apoptosis and can be identified as marginal Reelin+Prox1À cells, since specific subsets of Prox1+ interneurons also express Reelin (Rubin and Kessaris, 2013) . We found that a reduction in CR cell density perturbs layer 1 architecture very similarly to what we observed at birth (Figure 6) . First, the thickness of the MZ was reduced ( Figures 6A  and 6B) , even if the barrels were morphologically unaffected ( Figures 6C and 6D ). Such decrease in thickness was associated with a consistent reduction in 35% of Reelin+Prox1À CR cells and accompanied by an increase in Prox1+ interneurons in layer 1 and other upper layers ( Figures 6E-6H and 6K ). Co-labeling with Reelin revealed an increase in both Reelin+Prox1+ interneurons and in Prox1+ReelinÀ VIP interneurons ( Figures 6E-6H and  6K) . Finally, dye labeling of pyramidal neurons in layer 5 showed a flattening in the apical dendritic tufts (Figures 6I and 6J) . Thus, the defects observed at birth are maintained throughout the first postnatal week.
To test whether such defects may impact neocortical circuits long after CR cells have disappeared at P14, we examined 1-month-old mice ( Figures S6, 7 , and S7). We found that the cell-free layer 1 was still reduced, but there were no differences in interneuron density at this stage ( Figure S6 ). To examine the physiology and morphology of pyramidal neurons, we recorded synaptic inputs into layer 2 and 3 pyramidal neurons after layer 1 stimulation. This strategy enabled us to assess the dendritic and spine morphology as well as the excitation/inhibition (E/I) ratio, an essential feature of neocortical circuits (Figures 7 and S7 ). We found that in both layers 2 and 3, the apical dendritic tufts were drastically reduced in DeltaNp73
Cre ; R26
stop-dt-a mice (Figures 7A-7D ). Importantly, spine density was reduced on these apical dendrites, while it was unchanged in basal dendrites ( Figures  7E-7J ). To assess whether these morphological defects are linked to physiological defects, we recorded excitatory postsynaptic currents (EPSCs) and inhibitory postsynaptic currents (IPSCs) at À60 mV and +10 mV, respectively, following layer 1 stimulation ( Figure 7K ). Consistent with the reduction in apical dendrite spine density, we detected a significant reduction in EPSC currents (Figure S7 ), leading to a salient reduction in the E/I ratio ( Figure 7L) . The E/I ratio is finely tuned in all cortical areas (Xue et al., 2014) , and deficits in the E/I balance have been associated with the etiology of several neuropsychiatric diseases (Nelson and Valakh, 2015) . Our findings thus reveal that a reduction in the density of CR cells has an impact on the functional emergence of neocortical circuits long after these transient cells have disappeared.
DISCUSSION
Collectively, our work establishes that CR cell density is regulated by an atypical secondary migration of differentiated olfactory guidepost cells, thereby ensuring the proper wiring of circuits as the neocortex grows. This study reveals that, in contrast to the dogma stipulating that neuronal cells exit the cell cycle, migrate, settle, and differentiate, CR/lot cells reenter migration several days after their primary migration (Bielle et al., 2005; Villar-Cerviñ o et al., 2013; Barber et al., 2015) . This unexpected cellular behavior enables the functional ''recycling'' of olfactory axonal guidepost cells. Since the olfactory cortex predates the evolutionary emergence of the neocortex in mammals, it is tempting to speculate that the developmental reallocation of lot cells into the neocortex reflects an evolutionary co-option of these ancestral guideposts. Consistently, dense populations of CR-like cells are observed in the olfactory cortex of reptiles and birds, near the olfactory tract (Cabrera-Socorro et al., 2007) , supporting the idea that these cells are present even in non-mammalian vertebrates. Besides, while a general role for CR cells as guideposts remains to be investigated, it is interesting to note that CR cells have been involved in the guidance of entorhinal and thalamocortical axons (Ceranik et al., 1999 (Ceranik et al., , 2000 del Río et al., 2002; Barber et al., 2015) . In addition, it is likely that the reallocation process we identified occurs also in primates. This phenomenon is highly reminiscent of the subpial granular layer (SGL) of primates, which appears in late embryogenesis, comprises Reelin+ early born cells, and has been proposed to constitute a potential source of CR cells for the expanding neocortex (Brun, 1965; Gadisseux et al., 1992; Meyer and Goffinet, 1998; Meyer and Wahle, 1999) . Our work in rodents thus reveals an intriguing link between the morphogenesis of the olfactory cortex and neocortex that is likely to constitute a conserved feature of mammalian cerebral morphogenesis. We have found that CR/lot cells reenter migration in spite of their integration in an early prototypic olfactory circuit and via a redistribution process regulated by NMDA receptor activity. Thus, CR/lot cells are electrically active very early in development, and this activity plays a role in their reallocation. While further work will be required to decipher the origin of such activity as well as its precise role in cell migration, our study reinforces the current view that neuronal activity is an essential factor even in early steps of cortical development (Bortone and Polleux, 2009; De Marco García et al., 2011; Pouchelon and Jabaudon, 2014; Ackman and Crair, 2014) . Our study furthermore demonstrates that the maintenance of CR cell density in the neocortex by reallocation is essential for the architecture of layer 1. Layer 1 constitutes a key region for neocortical integration (Harris and Shepherd, 2015) , containing dendritic tufts of pyramidal neurons and receiving prominent input from neurons of several thalamic nuclei (Roth et al., 2016; Rubio-Garrido et al., 2009) , other cortical areas (Ibrahim et al., 2016) , and several subcortical structures (Chen and Kriegstein, 2015; Harris and Shepherd, 2015) . Using three distinct in vivo models, we showed that changes in the density of CR cells affect the cellular, axonal, and dendritic organization of this structure at birth. Such defects are compatible with previously proposed functions of CR cells or Reelin, which is not only expressed by CR cells in the neocortex (Frotscher, 1998 (Frotscher, , 2010 O'Dell et al., 2015; Kohno et al., 2015; Kupferman et al., 2014) . Still, the role of CR cells in cortical morphogenesis has remained a long-lasting open question. Our comparative study unequivocally establishes that CR cells do have a major density-dependent role in orchestrating the construction of layer 1, which is an important site for integration in cortical networks.
In contrast to their hippocampal counterparts, neocortical CR cells are progressively eliminated by apoptosis and disappear by the end of the second postnatal week (Del Río et al., 1996) , raising the question of whether CR cell defects might have a long-lasting impact on circuits. To tackle this issue, we took advantage of the DeltaNp73
Cre ; R26 stop-dt-a model, which leads to a reduction of approximatively 30% in the number of CR cells. We found that morphological defects in layer 1 architecture were maintained during the first postnatal week, supporting a role for CR cell density in the early assembly of cortical networks. In this context, it will be important to assess whether CR cells act by their transient integration in the neocortical circuitry (Cocas et al., 2016) . Remarkably, we also observed that the functional properties of pyramidal neurons were still affected at 1 month, long after the disappearance of CR cells. Specifically, the apical dendritic tufts of layer 2/3 neurons harbored reduced spine densities and showed a decreased E/I ratio. Since cortical processing relies on the interplay between excitation and inhibition, this ratio is tightly controlled and a small dysregulation of this balance can have dramatic effect on cortical integration (Isaacson and Scanziani, 2011; Nelson and Valakh, 2015) . Consistently, E/I imbalance has been linked with the etiology of several neuropsychiatric diseases, including autism spectrum disorders and schizophrenia (Nelson and Valakh, 2015) . The finding that CR cell density directly induces long-lasting changes in E/I ratio provides novel insights into the roles of these transient cells in normal and pathological cortical wiring.
Taken together, our work shows that cell migration, which plays major roles in the assembly of neuronal networks, can also reallocate neurons during development, thereby enabling them to perform sequential roles in distinct cortical regions. In addition, it demonstrates that transient cells, or transient functions of cells, can have a long-term impact on the emergence of functional cortical networks, thereby highlighting the importance of understanding how the brain is built. Finally, our study reveals an original cellular mechanism to maintain CR cell density during embryonic growth as well as major contributions of these cells to neocortical wiring.
EXPERIMENTAL PROCEDURES Mouse Lines DeltaNp73
Cre (Tissir et al., 2009) , Wnt3a iCre/+ (Yoshida et al., 2006) , and (Niewoehner et al., 2007) mice to inactivate NMDA receptors in CR cells. Emx1 Cre (Gorski et al., 2002) 
Calcium and Time-Lapse Imaging
Calcium imaging experiments were performed with a custom-built randomaccess two-photon laser-scanning microscope (Otsu et al., 2008) . See Supplemental Experimental Procedures for protocols and detailed information.
Ex Vivo Migration Assays E14.5 DNp73
Cre/+ ;R26 tom telencephalic hemispheres were cultured freefloating in DMEM-F12 (Invitrogen) supplemented with glucose, glutamine, and penicillin/streptomicin at 32 C-34 C and bubbled with 95% O 2 and 5% CO 2 (pH 7.4). After 24 hr, vesicles were washed in PBS 13, fixed in 4% paraformaldehyde (PFA) for 3 hr, and processed for immunohistochemistry or X-gal staining as described in the Supplemental Experimental Procedures.
Electrophysiological Recordings in Slices and Biocytin Staining
See Supplemental Experimental Procedures for detailed descriptions.
Statistical Analyses
All data are presented as the mean ± SEM. Two-tailed Kruskal-Wallis tests were used to compare groups of data and non-parametric two-tailed Mann-Whitney U tests were used to compare two distributions. Variances were similar between compared distributions. All graphs and statistical analyses were obtained using GraphPad Prism software, unless otherwise stated. *p < 0.05, **p < 0.01, ***p < 0.001. Calcium imaging and electrophysiological recording analyses were performed using scripts developed in-house with Python 2.6. Statistical significance was determined by using the Wilcoxon rank-sum test. 
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